Abstract. Surface electrode switching of 16-electrode wireless EIT is studied using a Radio Frequency (RF) based digital data transmission technique operating with 8 channel encoder/decoder ICs. An electrode switching module is developed the analog multiplexers and switched with 8-bit parallel digital data transferred by transmitter/receiver module developed with radio frequency technology. 8-bit parallel digital data collected from the receiver module are converted to 16-bit digital data by using binary adder circuits and then used for switching the electrodes in opposite current injection protocol. 8-bit parallel digital data are generated using NI USB 6251 DAQ card in LabVIEW software and sent to the transmission module which transmits the digital data bits to the receiver end. Receiver module supplies the parallel digital bits to the binary adder circuits and adder circuit outputs are fed to the multiplexers of the electrode switching module for surface electrode switching. 1 mA, 50 kHz sinusoidal constant current is injected at the phantom boundary using opposite current injection protocol. The boundary potentials developed at the voltage electrodes are measured and studied to assess the wireless data transmission.
Introduction
Electrical Impedance Tomography (EIT) [1] [2] [3] is an image reconstruction technique in which the electrical conductivity or resistivity of a conducting domain is reconstructed from the surface potential developed by a current signal injected at the domain boundary. EIT finds good applications in different areas of science and technology due to its several advantages [1] [2] [3] over other computed tomographic techniques [4] . As a nondestructive testing modality, electrical impedance tomography has been extensively researched in clinical diagnosis [5] [6] [7] [8] , biomedical engineering [9] and biotechnology [10] . Wireless data acquisition (Fig.-1) has many advantages and hence it is sometimes preferred in medical EIT systems for electric isolation property and maximum patient safety. Surface electrodes are required to be switched in a particular fashion depending on the current injection protocol used in EIT. Analog multiplexers are used for electrode switching in modern digital EIT hardware [11] . Parallel digital bits are required to operate the multiplexers for electrode switching. More the electrodes in an EIT system, more digital bits are required to operate the suitable multiplexers. In wireless EIT, required parallel digital data are transmitted wirelessly from the computer end and it is received at the phantom side. Hence, more the digital bits required to operate the suitable multiplexers in EIT, more number of channels are required in encoder/decoder ICs. In this context a Radio Frequency (RF) transmission technology [12] based digital data transmission technique operating with 8 channel encoder/decoder is proposed to switch the surface electrodes of a 16-electrode wireless EIT system. 8-bit parallel digital data are generated and transmitted through the wireless transmission module (Fig.-2) and then the 8-bit data are converted to the 16-bit parallel digital data required for the multiplexer operation in the 16-electrode EIT system. 8-bit parallel digital data collected from the receiver module are converted to 16-bit digital data by using binary adder circuits and then used for switching the surface electrodes in opposite current injection protocol. 8-bit parallel digital data are generated using NI USB 6251 card in LabVIEW platform and sent to transmission module which transmits the 8-bit digital data digital data to the receiver side. Receiver module supplies the 8-bit parallel digital data bits to the binary adder circuits. Binary adder circuits convert the 8-bit parallel digital data to the 16-bit digital data and fed to the four multiplexers in electrode switching module. 1 mA, 50 kHz sinusoidal current is injected at the phantom boundary using opposite current injection protocol and the boundary potentials developed at the voltage electrodes are measured and studied to assess the performance of the wireless data transmission module.
Materials and Methods

Analog Instrumentation
An analog EIT instrumentation [13] consists of constant current injector (Fig.-3) , electrode switching module, signal conditioners and data acquisition system is used for boundary data collection. Constant current injector consists of a Voltage Controlled Oscillator (VCO) and a Voltage Control Current Source (VCCS) as shown in The VCO consists of a variable frequency function generator IC (MAX038, Maxim Inc. USA) and supplies the input signal to the VCCS. MAX038 is a high-frequency, precision function generator producing accurate, highfrequency triangle, sawtooth, sine, square, and pulse waveforms with a minimum of external components [14] . VCO generates signal with different frequency bands depending on the value of C F . Frequency of the VCO output is a function of R IN and C F with a positive dc supply of ±5 volts [13] . Different capacitors are connected and individually switched for different frequency bands. For a particular frequency, one capacitor is connected as C F using single pole single throw DIP switches along with an adjusted value of R IN . Changing the value of the R IN and C F in the VCO circuit a sinusoidal voltage signal of a very high bandwidth (10 Hz-10 MHz) is achieved [13] which is suitable for a multi frequency EIT application. VCCS is basically a modified Howland constant current generator (Fig.-3) which is fed by the VCO. VCCS is developed with two AD811 ICs (Analog Devices Inc. USA) [15] . AD811 is a high speed wideband current feedback operational amplifier which is suitably used in modified Howland current source with a feedback resistor of 750 Ω [15] in voltage follower circuit of the VCCS (Fig.-3) . A signal conditioner block consisting a 50 Hz notch filter and a narrow band pass filter with a center frequency of 50 kHz is used for improving the signal to noise ratio of the measured potential.
An electrode switching module is developed with high speed CMOS analog multiplexers (MUX) (CD4067BE). Four 16:1 MUXs are used for current electrode and voltage electrode switching with their similar pins (Pin-1 through Pin-16) shorted and connected to the corresponding electrodes on the phantom. The electrode switching module is developed with four CD4067 ICs; two for current electrode switching and another two for voltage electrode switching. 4-bit parallel digital data are used to operate one multiplexer and hence, 16-bit parallel digital data are used to operate four 16:1 MUXs. Current electrodes are switched with two multiplexer named as current electrode multiplexers (MUX-I 1 and MUX-I 2 ). Voltage electrodes are switched with two multiplexer named as voltage electrode multiplexers (MUX-I 1 and MUX-I 2 ). Positive terminal of the current source is connected to the input terminal of MUX-I 1 where as the other point of the VCCS is connected to the input terminal of MUX-I 2 . Similarly, the positive terminal of the voltage measuring probe is connected to the input terminal of MUX-V 1 where as the other point of the voltage measuring probe is connected to the input terminal of MUX-V 2 .
RF Transmitter/Receiver Module
A wireless RF transmission system (Fig.-4a) is developed using ASK (Amplitude Shift Keying) based transmitter/receiver (T x /R x ) pair operating at 433 MHz. 8-bit parallel digital data are generated in DAQ card and fed it to the encoder IC (HT640) in the transmitter module. Encoder converts the parallel data into serial format and then feeds it to the transmitter block which transmits the serial data to the receiver end (Fig.-4a) . Receiver receives the serial data and supplies it to the decoder IC (HT648L) which converts the serial data into parallel data again. 
Binary Adder Circuit
8-bit parallel digital data received from the wireless transmission module are converted to the 16-bit digital data using the binary adder circuits (Fig.-4b) 
Data Acquisition System
The data acquisition system consists of a NI USB-6251 DAQ card which collects the boundary data through the multiplexer board connected to the surface electrodes. Data acquisition software is written in LabVIEW and interfaced with the DAQ card through PC. 8-bit parallel digital data are generated using NI USB 6251 card in LabVIEW platform and sent to transmission module which transmits the 8-bit digital data digital data to the receiver side. Receiver module supplies the 8-bit parallel digital data bits to the binary adder circuits. Binary adder circuits convert the 8-bit parallel digital data to the 16-bit digital data and fed to the four multiplexers in electrode switching module.
EIT-Phantom
A reconfigurable practical phantom (Fig.-5a) is developed with a shallow glass tank (150 mm diameter) and sixteen stainless steel electrodes [16] equally spaced on the tank inner wall (Fig.-5a) and fixed on tank wall using steel paper clips. Sixteen identical electrodes (rectangular shape, 34 mm × 10 mm) are cut from a 50 µm thick high quality stainless steel (type 304) sheet. All the electrodes are connected to the EIT electronic hardware through the low resistivity flexible multi-strand copper wires with steel crocodile clips (Fig.-5a) . The phantom tank is filled with a 0.9% (w/v) NaCl solution and a cylindrical stainless steel rod of 25 mm diameter is put at the phantom center (Fig.-5a) . The stainless steel rod, called common mode electrode (CME) [17] in EIT, is connected to the ground point of the EIT electronics to reduce the common mode error [18] of the circuits.
Data Collection
1 mA, 50 kHz sinusoidal constant current is injected to the phantom boundary with and without inhomogeneity and the electrode potentials are collected using opposite current injection protocol (Fig.-5b) . Nylon cylinders are put as the inhomogeneity near electrode no. 3, 5 and 7 and the current signal is injected through the electrode switching module. The boundary potentials developed at the surface electrodes placed on the phantom boundary are collected using opposite current injection protocol (Fig.-5b) and sent to the PC for the analysis. RMS potentials on all the electrodes are measured for first eight current projections and the voltage data set (contains 128 voltage data for a sixteen electrode system) are saved as a .txt file in PC for computation. Boundary data for first eight current projections are sufficient to produce impedance image (due to reciprocity principle) and that is why the other eight current projections are not required [16] . The boundary potentials (V 1 through V 16 in Fig.-5b) developed at the surface electrodes (E 1 , E 2 , E 3 , ..., E 15 and E 16 ) are collected for the first eight current projections. The potential profile of symmetric electrodes (SEP) [19] of the phantom is also studied for evaluating the boundary data profile of the EIT system. The axis through the current electrodes divides the electrodes (excluding the current electrodes) in two sets (all are symmetrically placed in space) which are called symmetric electrode pair [19] . The equipotential lines and the SEPs are shown in the Fig.-5b. All the electrodes in a SEP are symmetrically placed in space with respect to the axis through the current electrodes divides the electrodes (Fig.-5b) . All the SEPs of a 16 electrode system for current projection 1 are shown in Fig.-5b and 6a . 
Results and Discussion
The boundary potentials developed for homogeneous medium (NaCl solution) show that (Fig.-6b) the surface potential profile changes in similar fashion as it changes for a wired EIT system in opposite method. It is observed that the potential profiles of all the current projections are symmetric (Fig.-6b) which indicates that the circular phantom system is symmetric and stabile. It is reported that [16] for opposite method, only first 128 voltages measured for first eight projections are independent data and hence are sufficient to reconstruct the inhomogeneities due to the reciprocity principle [16] . Hence the all the boundary potentials are collected for the first eight current projections and the 128 voltage data are studied (Fig.-6b) . Consequently the acquisition time in this case reduces to 50 % of the full acquisition time of the 16-electrode EIT system. The potential of the SEPs (Fig.-7a) also shows that the experimental phantom is symmetric with respect to the current injection axis. It is observed that the standard deviation of SEP1, SEP2, SEP3, and SEP4 are less than 1.0 whereas the standard deviation of SEP5, SEP6, SEP7, and SEP8 are zero (Fig.-7b) . The maximum potential (V ei ) point in the boundary potential data matrix is the potential of the electrode which is positioned near the inhomogeneity provided the positive terminal of the current source is connected to the same electrode. The voltage drop across the current path along the inhomogeneity and the electrode is found maximum because of the high resistance of inhomogeneity and the high electrode contact impedance. It is also observed that for all the inhomogeneity positions boundary data are successfully generated by the system. Boundary potentials measured with nylon inhomogeneity are found satisfactory for all the at electrode positions (Fig.-8a, 9a and 10a ). Potential curves with nylon cylinder at electrode 3 ( Fig.-8a) show that the high voltage peak is appeared at the [((3-1) × 16) + 3] th position or 35 th data point (Fig.-8b) of the data matrix (in 3 rd projection loop). Hence it is understood that the inhomogeneity is positioned at the electrode number 3. Potential curves with inhomogeneity at electrode 5 ( Fig.-9a) also show that the high voltage peak is appeared at the 69 th data point (Fig.-9b) of the data matrix (in 5 th projection loop) which clearly indicates the presence of inhomogeneity at 5 th electrode position. Similarly boundary data (Fig.-10b) for inhomogeneity at electrode 7 ( Fig.-10a) show that the high voltage peak comes at the 103 th data point (Fig.-10b) of the data matrix (in 7 th projection loop). Hence it is understood that the inhomogeneity is positioned at the electrode number 3. 
Conclusions
Surface electrode switching of 16-electrode wireless EIT is proposed and studied using a Radio Frequency (RF) based digital data transmission technique operating with 8 channel encoder/decoder ICs. Transmitter/receiver module developed is successfully interfaced with the USB based DAQ system through the analog multiplexers based electrode switching module. USB based data acquisition system properly generate digital data required for multiplexer operation. 8-bit parallel digital data are generated by DAQ card and sent to the transmission module which transmits the digital data bits to the receiver. Receiver module feeds the parallel digital bits to the binary adder circuits and the 16-bit data obtained at the adder outputs are fed to the multiplexers of the electrode switching module for surface electrode switching. Results show that the wireless module successfully transmits and receives the parallel data for switching the voltage and current electrodes wirelessly. 1 mA, 50 kHz sinusoidal constant current is injected to the phantoms with different inhomogeneity configurations using opposite current injection protocol. The boundary potentials developed at the surface electrodes are measured and studied to assess the wireless data transmission. Boundary data collected from practical phantom show that the multiplexers are operating in the required sequence in opposite current protocol. The voltage picks obtained at the proper positions in the boundary data matrix proved that the sequential operation of multiplexers and successful wireless transmission of digital bits. The developed wireless digital data transmission module can be used for wireless EIT-data acquisition system.
